Introduction
The specific silencing of gene expression through RNA interference (RNAi) has tremendous potential to address previously untreatable diseases. [1] [2] [3] The safe and effective delivery of small interfering RNA (siRNA), however, remains challenging. Viral vector systems [4, 5] have demonstrated in vivo RNAi delivery efficacy but face several safety-related challenges, including potential immunogenicity. [6] A variety of approaches have been reported to facilitate non-viral delivery of siRNA, including direct conjugation of delivery reagent, [7] [8] [9] [10] formulation into liposomes, [11, 12] and encapsulation by polymers. [13, 14] Modification of siRNA with cholesterol, [7] lipoprotein, [8] peptide, [9] or antibody [10] has been reported to improve systematic siRNA delivery. Recently, systemic delivery of siRNA to the liver of nonhuman primates was demonstrated using a lipid formulation. [11] Despite these advances in non-viral siRNA delivery, the diversity of published delivery materials still remains limited, in part due to their slow, multi-step syntheses. [15] The customization of each synthetic reaction and multiple steps limits the ability to generate a significant library size with diversity. Recently, chemical approaches have been developed that allow the simple, rapid, and parallel generation of lipid-like delivery materials termed lipidoids as delivery agents for RNAi therapeutics. [16] Lipidoid synthesis is based upon the conjugate addition of alkyl-acrylamides to primary or secondary amines. Synthesis can be performed in the absence of solvents, catalysts, or purification. [16] A library of over 1 200 structurally diverse lipidoids has been synthesized, and members were shown efficacious in three species, including non-human primates. [16] [17] [18] [19] During ischemic events, endothelial cells (ECs) can suffer from hypoxia-induced apoptosis. siRNA delivery to ECs may have utility in the treatment of ischemic disease by promoting angiogenesis or inhibiting apoptosis. To this end, we sought to develop a nanoparticulate, lipidoidal delivery system for the treatment of ECs under simulated ischemic conditions. Src homology 2 domain-containing protein tyrosine phosphatase-1 (SHP-1) has been known to inhibit EC proliferation and angiogenesis via the inactivation of vascular endothelial growth factor (VEGF) receptor-2 (KDR/Flk-1) in ECs. [20] [21] [22] In addition to its anti-angiogenic activity, SHP-1 can directly affect apoptosis in many cell types [23, 24] by binding to death receptors such as TNFR-1 and FAS-R and blocking anti-apoptotic signals. Previous studies have demonstrated that SHP-1 expression is upregulated following myocardial or cerebral ischemia, which may contribute to the enhanced magnitude of myocardial [25] or cerebral [26] infarction. We hypothesized that siRNA-mediated silencing of SHP-1 expression could inhibit EC apoptosis and enhance EC proliferation, and thereby stimulate angiogenesis in ischemic tissue.
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Screening of Lipidoids for siRNA Delivery to Endothelial Cells
In vitro screening was performed to identify lipidoids that can deliver siRNA efficiently to ECs. Previously, 56 lipidoids were identified that were capable of delivering siRNA to HeLa cells with comparable knockdown efficiency to the commercially available in vitro transfection agent Lipofectamine 2000. [16] Ten lipidoids were selected among those lipidoids and formulated at four different lipidoid/siRNA weight ratios (2.5 w/w, 5.0 w/w, 7.5 w/w, and 10.0 w/w), resulting in a total of 40 lipidoid/siRNA compositions. Lipidoids were synthesized through the conjugate addition of amine to acrylamide (Fig. 1A and B) . Structural details of lipidoid (NA114) complexed without and with siRNA were visualized by negative-staining transmission electron microscopy (TEM), as shown in Figure 2A and B, respectively. These data showed that the lipidoid forms spherical particle with a size of 200 nm regardless of complexation with siRNA, which is consistent with the size distribution obtained from the dynamic light scattering (Fig. 2C) . The tertiary amine of the lipidoids could be protonized in an acidic buffer (25 mM sodium acetate) used in this study, and hence result a positive charged particle. The lipidoids (NA114) loaded with and without siRNA have a zeta potential of 34 mV and 42 mV, respectively (Fig. 2C) .
Lipidoidal-siRNA formulations were tested for their ability to deliver siRNA targeting the housekeeping molecule (glyceraldehydes-3-phosphate dehydrogenase; GAPDH) to human umbilical vein endothelial cells (HUVECs). We identified 22 lipidoid formulations with delivery efficacy comparable to Lipofectamine 2000, two days after GAPDH siRNA transfection (Fig. 3A) . The seven top-performing formulations with minimal cellular toxicity were further tested to deliver therapeutic siRNA to HUVECs. Two days after transfection of SHP-1 siRNA (siSHP-1) and green fluorescent protein siRNA (siGFP, as control siRNA; Fig. 3B ), transfected HUVECs were transferred to hypoxic (1% oxygen) conditions with serum deprivation to simulate the low oxygen content and deficiency of survival growth factors in ischemic tissue. [27] Two lipidoids, 110N 9 -5 (''NA110'') and 114N 9 -5 (''NA114''), were found to increase HUVEC viability significantly (NA110; p < 0.05 and NA114; p < 0.01), compared to respective controls (siGFP delivery, Fig. 3B ). These data suggest these two lipidoidal formulations may provide vehicles for the treatment of ECs in ischemic tissues.
Previous studies have shown that top-performing lipidoids contain several structural similarities; i) amide linkages, ii) more than two alkyl tails, iii) tail length in the range of 8-12 carbons, and iv) one tail short of total substitution of the amine reactants, therefore containing one secondary amine. [16] The lipidoids NA110 and NA114 identified as optimal for siRNA delivery to ECs showed structural similarities to 98N 12 -5 (ND98), a lipidoid previously demonstrated to have activity in several in vivo models. [16] NA110 is a branched version of ND98, while NA114 has one less ethyleneimine unit relative to ND98 (Fig. 1B and C).
Delivery of Therapeutic siRNA Using Lipidoids to Endothelial Cells
NA114, the optimal lipidoid identified in the present study, was used to deliver therapeutic siRNA (siSHP-1) into ECs and www.afm-journal.de downregulate the target (SHP-1). Two days after siSHP-1 transfection with NA114, significant silencing of SHP-1 mRNA expression was achieved ( p < 0.05) in siSHP-1-transfected HUVECs compared with siGFP-transfected HUVECs (Fig. 4A) . In HUVEC culture using endothelial growth medium-2 (EGM-2) with 2% fetal bovine serum (FBS), SHP-1 knockdown using NA114-siRNA nanoparticles was similar to that by Lipofectamine 2000 (Fig. 4A) . Importantly, under culture condition with higher serum content (10% FBS), NA114 showed significantly greater SHP-1 silencing ( p < 0.01) than Lipofectamine 2000 (Fig. 4B) . Generally, the presence of serum can hinder intracellular delivery of nucleic acids. [28] Thus, this lipidoid (NA114) may deliver more efficiently siRNA in the in vivo environment.
The silencing of SHP-1 by siRNA increased the expression of angiogenesis-inducing factors (e.g., KDR/Flk-1 and eNOS) in ECs (Fig. 5) . Two days after siRNA delivery (transfection condition; EGM-2 with 2% FBS), siRNA-transfected HUVECs were moved to hypoxic (1% oxygen) condition with serum deprivation and cultured further for one and two days. While these conditions are known to increase SHP-1 expression, [29] siSHP-1 transfection using NA114 resulted in significant knockdown of SHP-1 expression ( p < 0.01), compared with siGFP transfection (Fig. 5A and B) . The knockdown was maintained up to two days after culture (Fig. 5A and B) , after which siRNA becomes diluted owing to cell division. Silencing of SHP-1 expression can induce activation of KDR/Flk-1, an important angiogenesis regulator in the VEGF signal pathway. [20, 21] The expression of eNOS could be enhanced via activation of KDR/Flk-1. [20, 21, 29, 30] siSHP-1 delivery mediated by NA114 increased KDR/Flk-1 expression and consequently eNOS expression in HUVECs (Fig. 5A, C, and D) . The stimulation of KDR/Flk-1-and eNOS-mediated signal transduction may enhance angiogenesis in ischemic tissue and consequently reduce apoptosis of ischemic tissue.
Intracellular delivery of siSHP-1 using NA114 inhibited apoptosis of ECs by hypoxia and serum deprivation. The favorable changes in gene expression profiles following siSHP-1 delivery (Fig. 5 ) substantially inhibited EC apoptosis and enhanced EC proliferation under hypoxic (1% oxygen) and serum-deprived condition (Fig. 6) , which indicates that siSHP-1 therapy allows ECs to endure ischemic condition. On days one and two after culture under simulated ischemic condition, terminal deoxynucleotide transferase-mediated deoxyuridine triphosphate nick end-labeling (TUNEL) staining revealed that the portion of TUNEL-positive cells (apoptotic cells) in siSHP-1-transfected cell populations was significantly lower ( p < 0.01) than that in siGFP-transfected cell populations ( Fig. 6A and B) . Additionally, siSHP-1-transfected HUVECs showed greater cell viability ( p < 0.01) compared to siGFP-transfected HUVECs (Fig. 6C) .
The capacity of ECs to generate microvessels was also enhanced by siSHP-1 delivery. When cultured on growth factor reduced (GFR)-Matrigel, siSHP-1-transfected HUVECs showed the formation of robust capillaries compared with siGFP-transfected HUVECs (Fig. 6A) . The functional delivery of siSHP-1 to ECs may provide an avenue for the treatment of ischemic disease via the promotion of angiogenesis and/or inhibition of apoptosis. Of note, previous studies reported that injection of plasmid vector-based siRNA targeting SHP-1 enhanced angiogenesis and reduced the necrotic area in ischemic myocardium [25] or hindlimb.
[31]
Conclusions
The study reported herein suggests that lipidoid-siRNA nanoparticles may provide a vehicle for the delivery of RNAi therapeutics to ECs. In particular, the formulations described here may provide a vehicle for the treatment of ischemic diseases such as myocardial, hindlimb, or cerebral ischemia. The www.afm-journal.de 
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exploration of potential targets that are involved in more critical signaling in ischemic pathology (e.g., PHD1, an oxygen sensor that regulates the stability of the hypoxia inducible factors under ischemia [32] ) should be performed together with the development of next generation of lipidoids with enhanced siRNA delivery efficiency.
Experimental
Lipidoid Synthesis: Lipidoid library synthesis was performed and characterized as previously described [16] . Amines and 1-aminoalkanes were purchased from Sigma-Aldrich (St. Louis, MO) and TCI America (Portland, OR). Acrylamides were synthesized by the drop-wise addition of acryloyl chloride to the appropriate 1-aminoalkane. Lipidoids were synthesized by conjugate addition of acrylamides to amines. All library reactions were carried out in 5-mL Teflon-lined glass screw-top vials. The amide portion of the lipidoid library was synthesized at the maximal ratio of acylamide/amine for each amine. 200 mg of amine was added to the corresponding amount of acrylamide. The mixture was stirred at 90 8C for 7 days. After cooling, the lipid mixtures were used without purification unless otherwise specified. Representative library members were characterized by thin layer chromatography, IR, NMR, and mass spectroscopy [16] .
Small Interfering RNAs (siRNAs): All siRNAs were synthesized by Dharmacon (Lafayette, CO). SHP-1 siRNA (siSHP-1) for in vitro transfection was designed for targeting human SHP-1 (GenBank accession number: NM_080548). Green fluorescent protein (GFP) siRNA (siGFP) was used as a negative control siRNA. The sequences for the sense and antisense strands of siRNAs are as follows; i) human
0 . In Vitro siRNA Transfection: To facilitate screening throughput, siRNA-lipidoid complexes were formed by simple mixing of siRNA-lipidoid solutions in microtiter plates. HUVECs (Lonza, Walkersville, MD) were cultured in EGM-2 (Lonza) supplemented with 2% (v/v) FBS (Lonza) and EGM-2 SingleQuot Kits (Lonza) at 37 8C and 5% CO 2 . For transfection in 96-well plates (cell viability and apoptosis assay), HUVECs were seeded (10 000 cells per well) into each well of 96-well polystyrene plates and allowed to attach overnight. Cells were transfected with 50 ng of siRNA (per well) complexed with lipidoids at four lipidoid/siRNA weight ratios of 2.5, 5.0, 7.5, and 10.0. Working dilutions of each lipidoid were prepared at concentrations necessary to yield the different lipidoid/siRNA weight ratios in 25 mM sodium acetate buffer (pH 5.0). The diluted lipidoids were added to the siRNA solutions, and then the mixtures were incubated for 20 min at room temperature to allow for complex formation. The lipidoid/siRNA solution was immediately added to cells in each well. After transfection, cells were incubated for 2 days at 37 8C and 5% CO 2 . Control transfection was performed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA), as described by the vendor. Transfection was performed in quadruplicate. For transfection in 6-well plates (gene expression analysis and Matrigel assay), HUVECs were seeded (2.0 Â 10 5 cells per well) into each well of 6-well polystyrene plates and transfected with 1 mg of siRNA per well.
Particle Size and Zeta Potential: Particle size and zeta potential measurements were measured by using a ZetaPALS dynamic light scattering detector (Brookhaven Instruments Corp., Holtsville, NY). Correlation functions were collected at a scattering angle of 908, and particle sizes were calculated using the MAS option of BICs particle sizing software using the viscosity and refractive index of water at 25 8C. Particle sizes are expressed as effective diameters assuming a lognormal distribution. Average electrophoretic mobilities were measured at 25 8C using BIC Phase Analysis Light Scattering (PALS) zeta potential software, and zeta potentials were calculated using the Smoluchowsky model for aqueous suspensions. Samples were prepared for biophysical characterization in the same manner as for transfection (5:1 weight ratio of lipidoid to siRNA) and then were diluted 1:10 in 25 mM sodium acetate buffer prior to measurement. Each formulation was run in triplicate. Particle size and zeta potential are expressed as the average values of each run.
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